processes from light absorption to water splitting is still extremely limited but remains a key goal As the research shows, methodologically, Φ PSII can be directly modelled by several empirical 1 4 3 models (Laws et al., 2002; Smyth et al., 2004; Ritchie, 2008; Ritchie & Bunthawin, 2010; Silsbe & 1 4 4 Kromkamp, 2012) and is considered as an equivalent to ETR. Although these models can fit well fully expanded leaf from the top to bottom was used for fluorescence measurements (n = 5, n -1 8 9
number of replications).
Chlorophyll fluorescence measurements
Chlorophyll a fluorescence was measured on intact leaves using a chlorophyll fluorescence 1 9 2 measuring system (Dual PAM-100, Walz, Effeltrich, Germany) with DUAL-E and DUAL-DB 1 9 3 measuring heads. The initial level (F 0 ) of fluorescence was detected after 25 min of dark adaptation.
The maximal fluorescence level (F m ) of the dark-and light-(F m ') adapted leaves were determined the PS II reaction centers, according to the method described by Maxwell & Johnson (2000) . The fluorescence parameters were calculated as described by van Kooten & Snel (1990) and ') is measured using an integrating sphere with a value typically returned of 0.86 (Ehleringer, 1981) .
Leaves were incrementally exposed to 14 irradiance levels (range 0 to 1450
at 30 s intervals. The photosynthetic electron transport rate via PS II can be described with Eq. 1 (Ye et al.
where ϕ is exciton-use efficiency in PS II, N 0 is total photosynthetic pigment molecules of the According to Ye et al., (2013a Ye et al., ( , 2013b ,
specific but have different values depending on species and environmental conditions (e.g. light,
temperature, CO 2 concentration and relative humidity). Therefore, for a given species and at given 2 2 1 environmental conditions, we can assume that
the initial slope of light-response curve of electron transport rate,
photons) −1 ) is the dynamical down-regulation term of PS II, and
photons) −1 ) is the saturation term of photosynthesis. Eq. 1 can be simplified as, PAR sat is calculated from Eq. 3, Thus PAR sat depends on
The maximum value for ETR (ETR max ) = e s a t e s a t e s a t 1 , 1 PAR PAR PAR
and it can be simplified as, 
Moreover, compared Eq. 1 with
relationship between Φ PSII and I is described by Eq. 5,
Eq. 5 demonstrates that Φ PSII is closely related with intrinsic characteristics of light-harvesting 2 3 5 pigment molecules, it does not only depend on I, but also on N 0 ,
In particular, Eq. 5 reveals that Φ PSII increases with increasing k P or k D , and decreases with 2 3 7 increasing τ . In addition, Eq. 5 can be simplified as:
' ' e 1 , 1
Eq. 6 shows clearly that Φ PSII decreases non-linearly with increasing I at given 2 4 0 environmental conditions (e.g. air temperature, CO 2 concentration and relative humidity).
4 1
In addition, the effective absorption cross-section of light-harvesting pigment molecules (
can also be expressed as a function of I (Ye et al., 2013a (Ye et al., , 2013b . Namely, when I = 0. As such, the light absorption cross-section is not a constant under any given irradiance (excluding I = 0).
4 7
Compared Eq. 5 with Eq. 7, the relationship between Φ PSII and ' ik σ is described by Eq. 8
Under given environmental conditions, the values of α e , σ ik , α ' and β ' are the constants. Effective quantum efficiency of PSII (Φ PSII ) ranges from 0 to 1 (the maximum is not usually exponential decay function (Webb et al., 1974; Ritchie, 2008；Ritchie et al., 2010 , namely,
Φ PSIImax is the maximum effective quantum efficiency which means the effective quantum 2 5 9 efficiency at theoretical zero irradiance, k w is a scaling constant, and I is the irradiance. The 2 6 0 Φ PSIImax can be obtained by Eq. 9.
6 1
Substituting Eq. 9 into ETR =α'×β '×Φ PSII ×I (Krall & Edward, 1992), we get the following 2 6 2 expression for ETR:
Using Eq. 10, we can calculate saturation irradiance (PAR sat =1/k w ) and maximum electron Here we take both Eqs. 9 and 10 as model 2. Similarly, substituting Eq. 11 into ETR =α'× β '× Φ PSII × I (Krall & Edward, 1992), we get the following expression for ETR,
The maximum ETR can be calculated by the following formula,
Similarly, here we take Eqs. 12 and 13 as model 3. Leaf discs from control areas were rapidly frozen in liquid nitrogen and ground to powder.
8 2
Then the chlorophyll (Chl) was extracted with 80% (v/v) acetone and quantified with Representative ETR-I curves (fitting the model 1, 2 and 3) for mung bean under three light dynamic down-regulation of PS II or photoinhibition (Fig. 1a) . Under ML and HL, beyond PAR sat ,
ETR values exhibited a little decline with increasing I (Fig. 1b and 1c indicates that the capacity of light energy conversion of plants growing in LL is lower than in ML 3 1 2 and in HL. We used models 1, 2 and 3 to simulate light-response curves of electron transport rate of mung simulated well ETR-I curves, while models 2 and 3 fitted poorly ETR-I curves (Fig.1) . Light-response curves of Φ PSII 3 2 6
Mung bean under three light environments exhibited a characteristic initial decrease of Φ PSII 3 2 7
with irradiance ( Fig. 1) . In LL, the decline of Φ PSII differed significantly from HL and decreased
more abruptly compared with the other light environments (Fig. 2) . It indicates that plants growing in LL had the lowest light energy use efficiency to drive the photochemistry. Moreover, the with the experimental data (R 2 ≥ 0.985) (Fig. 2) .
2
In addition, the values of PAR sat calculated by Eqs. 3 were not significantly different at a given 3 3 3 light intensity (Table 2) . Φ PSII (and PAR sat ) calculated by Eqs. 9 (and 10) showed significant 3 3 4 differences in each light environment (Table 3) . Furthermore, Φ PSII (and PAR sat ) calculated by Eqs. 11 and 12 differed significantly in each light environment ( Light-response curves of non-photochemical quenching (NPQ)
Representative NPQ-I curves for mung bean under three light environments are given in In HL, NPQ increased fast when irradiances are beyond 250 μ mol photons m −2 s −1 (Fig.3c) . (n = 5, one-way ANOVA followed by Tukey's test, α < 0.05). Eq. 7 shows that ability to absorb light energy than under LL and ML. We have built a new model of the relationship between Φ PSII and I based on light absorption PS II (Ye et al., 2013a (Ye et al., , 2013b .
The present study was focused on the relationships between Φ PSII , ETR, σ ik and I in mung bean
seedlings growing in one of three light environments. Our main results were the Eq. 1 and 2 used to Φ PSII -I which are associated with light energy absorption, excitons production and its transfer to to be proportional to the product of N 0 , ϕ and In conclusion, the proposed model provides the means to predict and simulate the Φ PSII -I 4 0 6
curves. The Φ PSII decrease with increasing I stems from the decrease in effective light energy
absorption cross-section of photosynthetic pigments (see Ye et al., 2013a Ye et al., , 2013b . When the cutting-edge next step will be to investigate more species adapted to different environmental 
